The majority of thyroid carcinomas maintain the expression of the cell growth suppressor p27, an inhibitor of cyclin-dependent kinase-2 (Cdk2). However, we find that 80% of p27-expressing tumors show an uncommon cytoplasmic localization of p27 protein, associated with high Cdk2 activity. To reproduce such a situation, a mutant p27 devoid of its COOH-terminal nuclear-localization signal was generated (p27-NLS). p27-NLS accumulates in the cytoplasm and fails to induce growth arrest in 2 different cell lines, indicating that cytoplasm-residing p27 is inactive as a growth inhibitor, presumably because it does not interact with nuclear Cdk2. Overexpression of cyclin D3 may account in part for p27 cytoplasmic localization. In thyroid tumors and cell lines, cyclin D3 expression was associated with cytoplasmic localization of p27. Moreover, expression of cyclin D3 in thyroid carcinoma cells induced cytoplasmic retention of cotransfected p27 and rescued p27-imposed growth arrest. Endogenous p27 also localized prevalently to the cytoplasm in normal thyrocytes engineered to stably overexpress cyclin D3 (PC-D3 cells). In these cells, cyclin D3 induced the formation of cytoplasmic p27-cyclin D3-Cdk complexes, which titrated p27 away from intranuclear complexes that contain cyclins A-E and Cdk2. Our results demonstrate a novel mechanism that may contribute to overcoming the p27 inhibitory threshold in transformed thyroid cells.
Introduction
Thyroid neoplasms originating in follicular cells comprise a broad spectrum of tumors with a wide variety of biological and clinical phenotypes, and therefore represent a good model of multistage epithelial tumorigenesis (1) .
Tumor development results from genetic alterations that affect genes involved in the regulation of cell growth and differentiation (2, 3) . Inactivation of tumor-suppressor genes as well as mutational activation of oncogenes is believed to lead to clonal expansion of genetically modified cells (2) . The different biological and clinical phenotypes of thyroid tumors have been associated with specific genetic alterations involving oncogenes (e.g., ras, RET/PTC) (4, 5) and tumor suppressor genes (e.g., p16 and p53) (6) . However, although tumor development is characterized by loss of restraints on cell growth and by progressive impairment of differentiation, the roles of the individual components of the cell-cycle machinery in thyroid tumorigenesis remain to be determined.
In mammalian cells, factors that determine whether cells proliferate or growth is arrested operate during the G1 phase of the cell cycle (7, 8) . G1 progression is controlled by interactions among 3 families of proteins: cyclin-dependent kinases (Cdk's); their activating partners, the G1 cyclins; and inhibitory proteins known as Cdk inhibitors (9, 10) . So far, 2 classes of Cdk inhibitors have been identified: the INK4 proteins that are specific inhibitors of cyclin D-Cdk4 and cyclin D-Cdk6, and the Kip/Cip inhibitors which, inhibit all cyclin-Cdk complexes (10) . The Kip/Cip family of Cdk inhibitors comprises p21, p27, and p57 (11) (12) (13) .
Because it induces growth arrest (12) and p27-deficient mice are prone to develop tumors (14) , p27 represents a potential tumor-suppressor gene. However, in contrast to traditional antioncogenes such as p15 and p16, rare mutations in the p27 gene have been reported in human tumors. Nevertheless, the finding that p27 expression is reduced in several tumors suggests that p27 may have an important role in human carcinogenesis (15) (16) (17) . Accordingly, 2 studies reporting reduced p27 expression in thyroid tumors have been published (18, 19) . However, it has become clear that p27 subcellular localization may have a relevant role in its function (20) . Therefore, we performed analysis of p27 expression accompanied by a careful determination of its localization in a panel of thyroid carcinoma biopsies and tumor-derived cell lines, and addressed the significance of this localization.
Methods
Cell lines. The human cell lines used in this study are described in ref. 21 . Bosc23 cells were a gift of M. Santoro (Consiglio Nazionale delle Ricerche, Naples, Italy). All cell lines were grown in DMEM containing 10% FCS. PC Cl 3 and PC-D3 cells (normal thyrocytes engineered to stably overexpress cyclin D3) were grown in Ham's F12 medium supplemented with 5% calf serum in the presence of 6 hormones (thyrotropin, hydrocortisone, insulin, transferrin, somatostatin, and glycyl-histidyllysine; Sigma Chemical Co., St. Louis, Missouri, USA).
Immunoperoxidase staining. Immunohistochemistry was performed using anti-p27 monoclonal antibody k25020 (Transduction Laboratories, Lexington, Kentucky, USA) or anti-p27 polyclonal antibody C-19 (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) as described previously (15, 16) . Antigen retrieval was performed by microwave irradiation. To define p27 expression we used cutoff values that have been defined in previous papers (15, 16) . Tumors were considered to be p27-positive when 50% or more of the tumor cells stained positive; if less than 50% of cells stained positive, a tumor was considered p27-negative. Counts were performed in 5 random high-power fields. At least 500 cells were counted.
Western blotting, immunoprecipitation, and kinase assay. Cells were lysed in NP-40 buffer containing protease inhibitors. Proteins were separated on polyacrylamide gels and transferred to nitrocellulose membranes (Hybond-C; Amersham Pharmacia Biotech, Uppsala, Sweden). Membranes were incubated with primary and secondary antibodies and revealed by enhanced chemiluminescence (Amersham Pharmacia Biotech). Differential extraction of nuclear or cytoplasmic proteins was performed as reported previously (22) . Immunoprecipitation and kinase assays were performed as described (23) .
Constructs and transfection. The p27 constructs have been described (23) . p27-NLS: forward primer, nucleotides 1-21; reverse primer, nucleotides 453-432 (12) . p27-97-197: forward primer, nucleotides 287-312; reverse primer, nucleotides 576-597. p27-1-186: forward primer, nucleotides 1-21; reverse primer, nucleotides 538-558. The mutant p27-TA187 was obtained by use of a sitespecific mutagenesis kit (Roche Molecular Biochemicals, Mannheim, Germany). Cyclin D3 was obtained by RT-PCR using primers 166-187 and 1023-1044, which were designed according to ref. 24 . The correct DNA sequence was confirmed by DNA sequencing. FB-1 and PC Cl 3 cells were transfected by electroporation. Bosc23 cells were transfected by the calcium phosphate procedure.
Indirect immunofluorescence analysis. Cells were grown to subconfluence on coverslips, fixed in 3% paraformaldehyde, and permeabilized with 0.2% Triton X-100. Secondary antibodies conjugated with Texas red or FITC were used to reveal p27-and cyclin D3-positive cells. Cell nuclei were identified by HOECHST staining. Fluorescence was viewed with a Zeiss 140 epifluorescent microscope equipped with filters that allowed discrimination between Texas red and FITC.
5′-bromo-3′-deoxyuridine incorporation. Transfection of 5 × 10 5 cells was performed. Twenty-four hours later, 5′-bromo-3′-deoxyuridine (BrdU) was added to the culture medium to a final concentration of 10 µM and allowed to react for 1 hour. Detection of eukaryotic green flourescent protein (EGFP) and BrdU was performed as described (24) . A 5′-bromo-3′-deoxyuridine Labeling and Detection Kit from Boehringer Mannheim was used to identify S-phase cells.
Antibodies. The antibodies used were C-19 (anti-p27), M2 (anti-Cdk2), M20 (anti-cyclin E), C-16 (anti-cyclin D3), C-22 (anti-Cdk4), C-21 (anti-Cdk6), and f-7 (anti-influenza hemagglutinin protein [anti-HA]) from Santa Cruz Biotechnology Inc., and k25020 (anti-p27) and anti-Cdk2 from Transduction Laboratories.
Results
Expression of p27 and cyclin D3 in thyroid tumors and tumor-derived cell lines. We analyzed p27 expression in 8 cell lines derived from human thyroid tumors. Four lines were derived from papillary carcinomas (TPC-1, BC-PAP, NIM, and NPA), 1 from follicular carcinomas (WRO), and 3 from anaplastic carcinomas (ARO, FB-1, and FRO). The primary HTC-2 cells were used as control normal thyrocytes. Western blot analysis demonstrated that p27 expression was lost in the anaplastic cell line FB-1, whereas it was retained in all other lines (Figure 1a ). Extracts from thyroid carcinoma-derived cell lines were assayed for activity of Cdk2 (a major inhibition target of p27) using histone H1 as a substrate (Figure 1a, bottom) . Surprisingly, we failed to find any significant correlation between the level of p27 protein and the activity of Cdk2; in most tumor cell lines, Cdk2 activity was increased independently of p27 expression.
We also analyzed p27 expression by Western blot in normal thyroid tissue (4 biopsies) and in 45 primary thyroid carcinomas (28 papillary, 9 follicular, and 8 anaplastic carcinomas). Results are summarized in Table 1 . In normal thyroid, p27 was detected at high levels. Conversely, p27 protein was reduced in 10 of 28 papillary carcinomas, in 3 of 9 follicular carcinomas, and in 6 of 8 anaplastic carcinomas. In the remaining tumors, p27 was expressed at levels similar to those in normal thyroid. A representative Western blot is shown in Figure 2a , showing that p27 is expressed at high levels in normal thyroid gland (lane NT) and in some tumors (lanes 2, 4, and 6-8), but is downregulated in other tumors (lanes 1, 3, 9, and 10). Tumor extracts were assayed for Cdk2 activity (Figure 2a, bottom) . Cdk2 activity was higher in carcinomas than in normal thyroid tissue; increased Cdk2 activity was also detected in tumors with high p27 expression (lanes 2, 6, and 8). Expression of p27 was confirmed in 27 representative carcinomas by immunostaining. Determination of p27 expression was performed as described in Methods. A good correlation was found between Western blot and immunostaining results.
Subcellular localization of p27 in thyroid tumor cell lines and in normal and neoplastic thyroid tissue. Because the subcellular localization of p27 has been found to be altered in some tumors (25, 26) , we investigated whether changes in the cellular compartment in which p27 resides could account for the lack of its inhibitory activity observed in thyroid tumors and tumor cell lines. As determined by indirect immunofluorescence, in normal thyrocytes p27 resided almost exclusively in the nucleus (more than 70% of HTC-2 cells showed nuclear staining). In BC-PAP, WRO, and TPC-1 cells, p27 resided in the nucleus and in the cytoplasm 
Subcellular localization of p27 was confirmed by
Western blot on extracts enriched with cytoplasmic and nuclear proteins. In HTC-2 cells, p27 was essentially nuclear. It was detected in the nuclear and cytoplasmic compartments in WRO and TPC-1 cells, but was limited to the cytoplasmic compartment in NPA, NIM, FRO, and ARO cells (Figure 1c ). The degree of crosscontamination was determined by the use of control antibodies -anti-α-tubulin antibodies as control for cytoplasmic proteins and anti-cyclin H antibodies as control for nuclear proteins.
Localization of p27 was also analyzed in normal thyroid tissue (4 biopsies) and in 27 representative carcinomas (18 papillary, 5 follicular, and 4 anaplastic carcinomas). For immunoperoxidase staining we used 2 different anti-p27 antibodies (k25020 and C-19), and obtained similar results. Immunoreactivity of p27 was detected in the nuclei of most follicular cells in normal thyroid gland (69 ± 12%), with most cells presenting as intensely positive. Immunostaining for p27 in thyroid carcinomas showed high variability. Immunoreactivity was low or absent in 3 of 18 papillary carcinomas, 1 of 5 follicular carcinomas, and 2 of 4 anaplastic carcinomas. A high percentage of p27-positive cells (more than 50%) was found in the remaining carcinomas. Among these, p27 immunoreactivity was predominantly nuclear in 5 biopsies (of 4 papillary and 1 follicular carcinoma), and both nuclear and cytoplasmic in 5 biopsies (of papillary carcinomas). The remaining 11 carcinomas displayed a predominant diffuse cytoplasmic p27 immunoreactivity. In total, in 16 of 21 thyroid tumors with high p27 expression, p27 was found to reside in an uncommon compartment. A representative case is shown in Figure 2b . In nonneoplastic thyrocytes, p27 is nuclear ( Figure 2b , lane 1), but in a papillary carcinoma it is restricted to the cytoplasm ( Figure 2b , lane 2). In this case, counterstaining with hematoxylin was omitted to appreciate empty nuclei of tumor cells. Cytoplasmic staining was observed with both antibodies and was competed by recombinant hexahistidinetagged p27. Figure 2b tumor in which the antibody was preincubated with a 10-fold molar excess of the antigen. Subcellular localization of p27 was confirmed by Western blot. Cytoplasm-and nuclear-enriched proteins were prepared from 2 normal thyroids, 1 tumor with predominant p27 nuclear staining, 4 tumors with both nuclear and cytoplasmic p27 staining, and 5 tumors with essentially cytoplasmic p27 staining. Western blot results confirmed data from immunostaining. Almost 70% of p27 was found in the nuclear compartment in normal thyroid gland and in the tumor with nuclear staining; a variable fraction ranging from 25-60% of p27 was found in the nuclear compartment in tumors with mixed localization. In tumors that, by immunostaining, had demonstrated cytoplasmic localization, levels of nuclear p27 were undetectable (Figure 2b , lanes 5, 4, and 6, respectively). A representative experiment is presented in Figure 2c . Antibodies to α-tubulin and cyclin H were used to assess the quality of the subcellular fractionation.
Cdk2 activity correlates with the level of p27 bound to nuclear Cdk2 in thyroid tumors and tumor-derived cell lines.
In most tumors and tumor-derived cell lines, cytoplasmic p27 localization was associated with high Cdk2 activity (compare TPC-1 and WRO cells with NPA, ARO, and FRO cells in Figure 1 , a and c; compare lanes 4-6 with lane 7 in Figure 2 , a and c). Therefore we investigated whether the high Cdk2 activity observed in tumors or cell lines that retained p27 expression could be due to the fact that p27 in cytoplasm had no access to nuclear Cdk2. To determine this, Cdk2 was immunoprecipitated from total or differentially fractionated HTC-2 and tumor-derived cell lines. One-tenth of the immunoprecipitate was used for kinase assay; the remainder was used to determine the levels of Cdk2-bound p27. Finally, blots were reprobed with anti-Cdk2 to normalize the amount of Cdk2 immunoprecipitated. Figure 1d shows the results obtained with 3 representative cell lines (ARO and NPA for cytoplasmic p27; TPC-1 for nuclear p27). Approximately the same level of p27 was bound to Cdk2 in total extracts in ARO, NPA, and TPC-1 cells, but Cdk2 activity was higher in ARO and NPA cells than in TPC-1 cells (Figure 1d , left). When we analyzed differentially fractionated extracts, we found that in ARO and NPA cells, little p27 was bound to nuclear Cdk2, whereas in TPC-1 cells most p27 was bound to nuclear Cdk2 (right). It is of note that in all tumor-derived cell lines, Cdk2 activity was essentially nuclear. Therefore, it appears that in thyroid tumor-derived cell lines, total Cdk2 activity is inversely correlated with the amount of p27 bound to nuclear Cdk2. Similar results were obtained from the analysis of 10 surgically removed tumors (Figure 2d , compare lanes NT, 7, and 6).
Expression and localization of cyclin D3 in thyroid tumor cell lines. Recent studies have reported the existence of a tight correlation between D cyclins and p27 expression in colon carcinomas (25) . Among the D cyclins, cyclin D3 is the most likely to be involved in neoplastic transformation of thyroid cells, because it is required for the growth of thyroid cells (27) . Therefore, we analyzed cyclin D3 expression by Western blot in 8 cell lines and in 32 thyroid tumors with known p27 expression. We found that cyclin D3 was overexpressed in 23 of 32 tumors and in 4 of 8 tumor cell lines (NIM, NPA, ARO, and FRO), and showed a striking correlation with p27 expression (compare p27 and cyclin D3 expression in Figures 1a and 2a, respectively) .
In addition, we observed that increased cyclin D3 expression correlated with cytoplasmic localization of p27 in thyroid carcinomas (Table 1 ). In fact, tumors were divided into 2 categories according to cyclin D3 expression (negative or positive) as determined by Western blot, or into 3 subgroups according to p27 localization as determined by immunostaining or Western blot on fractionated extracts (nuclear, cytoplasmic, and mixed), and then plotted. As seen in the plot, tumors or cell lines with cytoplasmic localization of p27 fell into the group with elevated cyclin D3 expression, whereas tumors or cell lines with nuclear p27 localization fell into the group with low cyclin D3 expression, suggesting the existence of a causal relationship between cyclin D3 expression and p27 cytoplasmic localization (Figure 2e) .
In normal thyroid HTC-2 cells (with undetectable cyclin D3 expression; Figure 1b) , more than 65% of p27 was nuclear (not shown). BC-PAP and TPC-1 cells (which expressed low levels of cyclin D3) presented 33% and 58% of p27 as nuclear, respectively. Conversely, NIM, NPA, ARO, and FRO cells (which expressed high 
A p27 and cyclin D3 expression was measured by Western blot and quantified by PhosphorImager. B p27 expression was considered negative when p27 protein was less than half the level of normal thyroid. Cyclin D3 expression was considered positive when it was at least 3-fold that of normal thyroid. C p27 localization was determined by immunostaining and/or by Western blot on differentially extracted proteins. Nuclear localization (N) was assigned when more than 50% of cells staining posistive for p27 had nuclear p27staining; cytoplasmic localization (C) was assigned when less than 15% of cells were positive for nuclear p27 and more than 35% of p27-positive cells had clear cytoplasmic staining; mixed localization (NC) was assigned when 15-50% of cells that stained for p27 had simultaneous cytoplasmic and nuclear staining.
The same values were used with the intensity of the signal obtained by Western blot. D All numbers in parentheses refer to cell lines. E p27 expression is negative in these tumors and cell lines.
amounts of essentially cytoplasmic cyclin D3) showed the lowest levels of nuclear p27 (< 20%), but high levels of cytoplasmic p27. Similar results were obtained from analysis of surgically removed carcinomas. Normal thyroid tissue, which showed undetectable expression of cyclin D3 expression, presented more than 70% of p27 as nuclear (Figure 2c , lane NT). Of 4 tumors that showed low expression of cyclin D3 (Figure 2a , lanes 1, 7, 9, and 10), 3 presented low p27 levels ( Figure 2a , lanes 1, 9, and 10), whereas the fourth (Figure 2a , lane 7) showed high levels of p27 protein residing essentially in the nuclear compartment (Figure 2c) . Conversely, in all tumors that presented high, essentially cytoplasmic expression of cyclin D3 (Figure 2a , lanes 2 and 4-6), p27 was almost entirely in the cytoplasmic compartment (Figure 2c ).
Growth-inhibiting activity exerted by p27 in tumor cells requires nuclear localization.
To date, there is no clear information about the relative growth-inhibiting activity of p27 residing in nuclei or cytoplasm. To investigate whether subcellular localization is involved in the regulation of p27 function, we generated a mutant p27 construct devoid of the nuclear-localization signal (p27-NLS) that was unable to enter cell nuclei. In vitro, p27-NLS bound Cdk2 with the same affinity as did wildtype p27, and inhibited its activity with apparently the same efficacy (data not shown) (28) .
Expression of transfected constructs was determined by Western blotting and immunofluorescence. Localization of the encoded proteins was determined by immunofluorescence or by Western blot on differentially extracted proteins (Figure 3, a-c, e) . Both wild-type p27 and p27-NLS proteins were expressed at high levels and localized as expected.
The relative inhibitory activity of p27 and p27-NLS was measured as inhibition percent of BrdU incorporation (IP), calculated as the percentage of transfected cells (green) that incorporated BrdU relative to the percentage of nontransfected cells (not green) that incorporated BrdU. When transfected with pEGFP, FB-1 and Bosc23 cells continued to incorporate BrdU as did nontransfected cells (IP: 1% and 2.4%, respectively); BrdU incorporation was reduced by the transfection of wildtype pEGFP-p27 (IP: 94.9% for FB-1 and 96.7% for Bosc23 cells, respectively). Conversely, pEGFP-p27-NLS exerted a weaker inhibitory effect on the rate of BrdU incorporation (IP: 14% in FB-1 cells and 39.5% in Bosc23 cells; Figure 3d) .
A representative experiment in FB-1 cells is shown in Figure 3b , with 1 wild-type p27-transfected cell (nuclear localization, red arrow) that did not incorporate BrdU, and a p27-NLS transfected cell (cytoplasmic localization, yellow arrow) that incorporated BrdU. Figure 3c shows a representative experiment in Bosc23 cells. Shown are 3 wild-type p27-transfected cells (nuclear localization, red arrows) that did incorporate BrdU and 1 p27-NLS transfected cell (cytoplasmic, yellow arrow) that incorporated BrdU.
Finally, we investigated whether differences in the level of Cdk2 activity could account for the different growthsuppressing activity exerted by cytoplasm-retained p27-NLS and nuclear (wild-type) p27. In Bosc23 cells, wildtype p27 was bound to Cdk2 both in the nucleus and in the cytoplasm, whereas p27-NLS was bound to Cdk2 primarily in the cytoplasmic compartment ( Figure 3f) . As a result, nuclear Cdk2 activity was reduced in p27-transfected cells, whereas it remained elevated in cells transfected with p27-NLS. Because most Cdk2 activity derived from nuclear Cdk2, the increase in the activity of nuclear Cdk2 due to nuclear exclusion of p27-NLS may account for the increased activity observed in total extracts of p27-NLS-transfected cells. These findings demonstrated that nuclear localization of p27 is necessary for its full inhibitory activity, and provide experimental support for the concept that the high Cdk2 activity observed in tumors with elevated cytoplasmic p27 expression may depend on the inability of p27 to enter cell nuclei and bind Cdk2.
Overexpression of cyclin D3 inhibits p27 translocation from cytoplasm to the nucleus and suppresses p27-induced growth arrest in FB-1 and Bosc23 cells.
To determine the effects exerted by cyclin D3 overexpression on p27 subcellular localization, we used different strategies. First, we used
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The a thyroid carcinoma-derived cell line (FB-1) that expresses low levels of endogenous p27 and cyclin D3. FB-1 cells were transiently transfected with pEGF-p27 in the presence of pCMV or pCMV-cyclin D3.
Immunofluorescence with anti-cyclin D3 antibodies allowed identification of transfected cells. Subcellular localization of p27 was determined by analysis of green fluorescence emitted by recombinant pEGFP-p27. In the absence of cyclin D3, p27 was found in the nuclear compartment in most cells. When cotransfected with cyclin D3, p27 was found more often (12-fold) in the cytoplasmic compartment (Figure 4b ). This effect was dose-dependent. Similar results were obtained when p27 was identified using anti-p27 antibodies. Most important, when pEGF-p21 was coexpressed with cyclin D3, it remained exclusively nuclear. The localization of transfected cyclin D3 was only slightly modified when cotransfected with pEGF-p27, whereas in the case of cotransfection with pEGF-p21, most cyclin D3 became nuclear (compare cyclin D3 localization, Figure 4a middle and right). Accumulation of p27 was observed in the cytoplasm after overexpression of cyclin D3 in a different thyroid tumor cell line (TPC-1) that expressed high levels of endogenous nuclear p27 (not shown) and in Bosc23 cells ( Figure 5 ). Because they can be transfected with high efficiency, Bosc23 cells were used as recipient cells to investigate the mechanism of cyclin D3-dependent accumulation of p27 in the cytoplasm. We generated several p27 constructs (Figure 5a ), including p27-TA187, in which a threonine phosphorylated by cyclin E-Cdk2 (which is involved in the regulation of p27 stability) was changed to alanine (29); p27-97-197, which lacks the cyclinbinding domain; and p27-1-186, which retains the NLS but has lost the threonine 187. All constructs were expressed at comparable levels in Bosc23 cells, with a transfection efficiency ranging from 35 to 70%, depending on the experiment (Figure 5b ). Different antibodies against p27 were used because k25020 did not recognize p27-97-197, and C-19 did not recognize p27-NLS or p27-1-186. Conversely, antibodies to EGFP recognized all recombinant proteins.
When expressed alone, all constructs presented nuclear localization (Figure 5c ). With the exception of p27-97-197, all were able to inhibit BrdU incorporation in transfected cells (not shown). When cotransfected in the presence of a 10-fold excess of pCMV-cyclin D3 plasmid (0.1 µg vs. 1 µg), we observed that pEGF-p27 (wild-type), pEGF-p27-TA187, and pEGF-p27-1-186 were retained in the cytoplasm of several transfected cells; conversely, pEGF-p27-97-197 remained nuclear in the presence of cyclin D3 ( Figure  5, c-e) . A construct encoding pEGF-p21 was exclusively nuclear both in the absence and in the presence of cyclin D3 (Figure 5e ). Figure 5c shows nuclear localization of pEGF-p27 in the absence of cyclin D3, and nucleocytoplasmic localization of pEGF-p27 and pEGF-p27-TA187 in the presence of cyclin D3. In the presence of cyclin D3, pEGF-p27-97-197 (which lacks the cyclin-binding domain) also remained nuclear. In Figure 5d , the green fluorescence emitted by EGF-p27 proteins was mounted onto contrast-phase photos to reveal p27 localization. Similar results were obtained with transfection of a plasmid encoding cyclin D1 (not shown), suggesting that all D cyclins may be involved in the regulation of p27 localization. However, cyclin D1 shifted p27 with reduced efficacy compared with cyclin D3.
Finally, we investigated whether cyclin D3 overcomes p27-induced growth arrest in cells in which cyclin D3 induced cytoplasmic retention of p27. When expressed in FB-1 cells in the presence of pCMV alone, p27 inhibited BrdU incorporation by almost 95%. In the presence of cyclin D3, the inhibitory effect of p27 was reduced (Figure 4c) . In Bosc23 cells, cyclin D3 -which alone had no effect on the rate of BrdU incorporationincreased BrdU incorporation more than 16-fold when cotransfected with pEGF-p27 (wild-type), p27-TA187, or p27-1-186 (Figure 5f ). As with localization, expression of cyclin D3 was not able to reverse the block in BrdU incorporation induced by pEGF-p21. The ability of cyclin D3 to abrogate p27-mediated cell-cycle inhibition was greater than its ability to alter localization of p27. Therefore, changing p27 localization may be only one of the mechanisms used by cyclin D3 to enhance tumor-cell growth.
Effects of cyclin D3 overexpression on the localization, composition, and activity of p27-containing complexes in thyroid cells. Finally, we made use of 3 stable clones of a normalthyroid rat cell line, the PC Cl 3 cells, which were engineered to overexpress cyclin D3 (clones 1, 5, and 6). PC Cl 3 cells expressed high amounts of p27, localized predominantly in the nucleus. PC-D3 cells showed higher levels of p27 than did parental cells, but p27 protein was increased 2.3-fold in the cytoplasm and reduced by half in the nucleus (Figure 6a To analyze the composition of p27-containing nuclear and cytoplasmic complexes in PC-D3 cells, fractionated proteins from PC Cl 3 and PC-D3 cells were immunoprecipitated with antibodies against Cdk2, Cdk6, cyclin D3, cyclin E, and cyclin A. Cells were subsequently analyzed by Western blot using antibodies against p27, cyclin D3, cyclin E, and cyclin A for Cdk immunoprecipitates or antibodies against p27, Cdk2, Cdk4, and Cdk6 for cyclin immunoprecipitates. All immunoprecipitates were normalized by determining the levels of the immunoprecipitated proteins by Western blot. Analysis of Cdk immunoprecipitates demonstrated that in PC-D3 cells, the amount of cyclin D3 bound to cytoplasmic Cdk2 and Cdk6 was increased (7-and 3.8-fold, respectively, not shown). In addition, in PC-D3 cells there was a marked increase in p27 bound to cytoplas-mic cyclin D3 (Figure 6b) and Cdk2, and only a slight increase in the amount bound to Cdk6 (not shown). Conversely, we found decreased amounts of p27 bound to nuclear cyclin E and cyclin A (3-and 1.8-fold, respectively) ( Figure 6, c and d) , which probably resulted from the recruitment of p27 into cytoplasmic cyclin D3-Cdk complexes. Kinase assays using GST-RB or histone H1 as substrates demonstrated that Cdk2 activity was increased in the nuclear fraction (almost 3-fold) of PC-D3 compared with PC Cl 3 cells (not shown). The increase in nuclear Cdk2 activity was accompanied by a parallel increase in activity of kinases associated with cyclin A and with cyclin E (2.2-and 3-fold, respectively) ( Figure 6, c and d) .
Because in thyroid cells cyclin D3 associated essentially with Cdk2 and Cdk6, we tested whether activation of Cdk2 and Cdk6 was necessary for cyclin D3-mediated p27 cytoplasmic retention. We transiently transfected PC-D3 cells with plasmids encoding dominant-negative mutants of Cdk2 or Cdk6 (Cdk2-DN and Cdk6-DN, respectively) and determined p27 localization by immunofluorescence. We used Cdk2-DN with a D145N mutation and Cdk6-DN with a D163N mutation (30) . As shown in Figure 6e , the localization of p27 in PC-D3 cells in which Cdk2 or Cdk6 activity had been impaired by use of dominant-negative constructs remained essentially nucleocytoplasmic or cytoplasmic, respectively, as it did in nontransfected PC-D3 cells, suggesting that activity of kinases in the ternary cyclin D3-and Cdk-p27 complexes (i.e., phosphorylation of p27) was not required.
Discussion
In this study, we provide evidence of the existence of at least 2 different mechanisms whereby the activity of the Cdk inhibitor p27 is overcome in thyroid cancer cells. The expression of p27 protein is reduced in most poorly differentiated thyroid carcinomas, but only in a subset of well-differentiated carcinomas, of both the papillary and follicular histotypes. Surprisingly, several tumors that retained p27 expression presented high Cdk2 activity, raising the question of how tumor cells can escape p27 inhibition. Our results indicate that a major difference between normal and malignant thyroid cells was in the subcellular localization of p27. In normal thyrocytes, more than 70% of p27 was detected in the nuclear compartment, whereas in tumor cells, p27 was essentially confined to the cytoplasmic compartment. Cytoplasmic localization of p27 has been reported previously (25, 26) , but in those studies no functional implication was provided. In this paper we address the biological significance of p27 residing in the nucleus or the cytoplasm. Using a mutant p27 devoid of its COOH-terminal nuclear-localization signal (p27-NLS), we were able to prevent p27 nuclear translocation and thus to reproduce, at least in part, the situation found in several thyroid tumors and tumor cell lines (i.e., high cytoplasmic expression of p27 but very low nuclear levels). When compared with wild-type p27, p27-NLS was much less efficient in inhibiting progression to the S phase of the cell cycle in 2 different cell lines, which probably resulted from the inability of cytoplasm-retained p27 to bind and inhibit nuclear Cdk2, as is the case with wild-type p27.
On the basis of this observation we would expect that in thyroid tumors, Cdk2 activity would be inversely correlated with the amount of nuclear Cdk2-bound p27. Indeed, in a representative panel of thyroid tumorderived cell lines and surgically removed carcinomas, samples with low Cdk2 activity presented higher levels of p27 bound to nuclear Cdk2 than did samples with high Cdk2 activity, suggesting that availability of p27 (i.e., subcellular localization) is more important than its absolute amount in regulating its function.
Moreover, our results indicate that in most thyroid tumors and tumor-derived cell lines, cyclin D3 presents nucleocytoplasmic or cytoplasmic localization that corresponds to p27 localization. Therefore we investigated whether the cytoplasmic retention of p27 that was observed in thyroid tumors could be caused by formation of cytoplasmic complexes induced by expression of cyclin D3. We tested this model by transient cotransfection experiments and by generation of a cyclin D3-overexpressing thyroid cell line (PC-D3). Cytoplasmic accumulation of p27 caused by cyclin D3 overexpression was observed in both cases. Consistent with the concept that nuclear localization is necessary for inhibition of p27 activity, cyclin D3 rescued p27-imposed G1 phase arrest and induced increased the growth rate in stably transfected cells. Because cyclin D1 also shifted p27 localization (albeit with reduced efficacy compared with cyclin D3), it is likely that all D cyclins are involved in regulating p27 localization. This was not unexpected, because cyclin D1 was shown to override a p27-dependent G1 block in NIH 3T3 cells without reducing the level of p27 protein as does cyclin E (30) . Accordingly, in PC-D3 cells, p27 expression was not reduced, but it accumulated predominately in the cytoplasm.
In thyroid-transformed cells, cyclin D-Cdk complexes acted as reservoirs of p27, regulating its availability to complexes containing cyclin E or cyclin A, as has been previously reported (10) . However, in this case such complexes were physically separated, as observed in anchorage-independent rat fibroblasts (31). Accordingly, in PC-D3 cells, p27 recruitment into cytoplasmic cyclin D3-Cdk2 complexes resulted in the titration of p27 from nuclear cyclin A-Cdk2 and cyclin E-Cdk2 complexes. As a consequence of complex shuffling, the level of p27 bound to nuclear Cdk2 decreased in parallel with an increase in activity of Cdk2 bound to nuclear cyclin A and cyclin E, reproducing the situation observed with the expression of p27-NLS. D cyclins lack nuclear-localization signals that allow their entry into the nucleus, but their nuclear translocation may occur after they bind to Cdk inhibitors or Cdk's (29, 32) . However, nuclear targeting of cyclin D3-Cdk complexes by p27 does not exclude the possibility that highly expressed cyclin D3 may form cyto-plasmic complexes that contribute to retention of p27 in the cytoplasm. In support of this concept, p27 is much less efficient in targeting cyclin D-Cdk complexes to the nucleus than is p21 (29, 32, 33) . On the other hand, as we have shown here, cyclin D3-dependent shift in subcellular localization occurred more efficiently with p27 than p21. Cytoplasmic retention of cyclin D3-and Cdk-p27 complexes could be due to the presence of a specific cytoplasmic signal in cyclin D3 that is dominant over the nuclear-localization signal, as is the case with cyclin B-Cdk1 (34) . Alternatively, this retention could be caused by sequestration of p27 in a form that is unable to bind cyclin E-Cdk2 (as occurs in c-Myc overexpression; ref. 35) , or by association with a specific cytoplasmic-retention protein, as is the case of Jun N-terminal kinase (36) .
Experiments with p27 mutants and with dominantnegative Cdk2-DN and Cdk6-DN indicated that cyclin D3-dependent shifting of p27 required that cyclin D3 bind to p27, although kinase activity of the complex was not required. In fact, the p27 mutant lacking the cyclinbinding domain was not shifted, whereas p27-TA187 (the p27 mutant in which the threonine phosphorylated by Cdk2 was replaced by alanine) was shifted with the same efficacy as was wild-type p27. Finally, inhibition of Cdk2 or Cdk6 activity did not interfere with cyclin D3-dependent p27 cytoplasmic accumulation.
In conclusion, our results allowed us to propose a model whereby inactivation of p27 in thyroid tumors may occur either by p27 downregulation or by cytoplasmic sequestration, because cytoplasm-residing p27 is inactive as a growth inhibitor. In thyroid tumors, cyclin D3 overexpression may account, at least in part, for p27 cytoplasmic localization. However, further studies are necessary to elucidate the mechanisms whereby p27 is recruited into cytoplasmic complexes and whether this takes place only in thyroid carcinoma cells or also occurs in other tumors.
